Introduction
The electric arc furnace (EAF) dust contains valuable, but dangerous substances, for example, metals and their oxides: iron, chromium, manganese, lead, zinc, etc. Air pollution and dust storage make negative impact on the environment and human population, and economically are not favorable. Efficient utilization of EAF dust is a major problem in the steelmaking: several million tons of dust year are generated by steelmaking industry annually, with a negative impact on the environment. EAF dust contains both valuable and hazardous metals, including Fe, Zn, Pb, Cr, Mn, V, Ca, Ti and others. Disposal of dust is both wasteful and detrimental to the environment. The presence of heavy (toxic) metals like lead and cadmium can pose threats to the environment and human health, therefore these wastes are officially considered as hazardous in many countries [1, 2] . Amount of the dust forming in EAF furnaces can reach 30 kg/t of steel [3] . In Russia, annual production of EAF steel reaches 20Mt, which generates up to 400 thousand tons of EAF dust. At the same time, the superior and universal strategy for its post-processing treatment or recycling has not been established/enunciated yet [4] . Even within a single enterprise electric arc furnace dust may have a variable chemical composition that depends on many factors [5, 6] . That is why an analysis of EAF dust composition and evaluation of its environmental hazards are necessary for the development and implementation of the dust-recycling technological processes at industrial scales [7, 8] .
The next factors should be considered as possible sources of the EAF dust: metal evaporation in the high tempera- ture zones of the furnace (at ≥1900 K, under the arc and at other places with oxygen injection); dispersing of drops around the arc and zone of oxygen injection; bursting of CO bubbles on the smelt surface; destruction of metal droplets in the furnace; dust of bulk materials (lime, coal, and others) [6] .
Quantity and chemical (mineral phase) composition of EAF dust depend on composition of scrap and other materials; oxygen injection intensity; process temperature in different periods of melting; off-gasses, etc. Thus, composition of EAF dust can widely vary even from one day to another [1] . Major components of EAF dust are iron oxides (mostly magnetite, Fe 3 O 4 ), zincit (ZnO), and franklinite (ZnFe 2 O 4 , ZnMnFeO 4 ) [1, 2] . In the galvanized steel processing, zinc content in the dust can reach 30% or more [9, 10] . Most of the elements appear to be combined with oxygen; additionally, chlorides, fluorides, suplhates, and sulphides could be also observed.
Due to obvious complexity, analysis of EAF dust requires combination of experimental and analytical techniques. Modeling of complex chemical processes by means of appropriate computer software is regarded as a powerful analytical tool [11] [12] [13] [14] [15] .
The aim of this paper was to study EAF dust generated by the Russian steelmaking industry. In the present work, the content of metal oxides and other chemical compounds in the EAF dust, as well as their composition, have been established by TERRA universal thermochemical software package, developed by the Bauman Moscow State Technical University [16, 17] . The obtained results are generalized and compared with experimental data obtained by combination of XRD analysis and Mössbauer spectroscopy.
Experimental
The element's composition of EAF dust has been determined by atomic-emission spectrometry (iCAP 6300), content of sulphur S and carbon C by IR absorption method (CS-230IH). The methods of analysis and the results are discussed in detail in our previous work [18] . Phase composition of the dust has been studied by XRD analysis and Mössbauer spectroscopy. XRD analysis was implemented using DRON-3 M XRD Analyzer (Bourevestnik, Inc., Russia) with Co-K˛radiation ( = 0.1790 nm) in the 2 range of −100 to 167 • [19, 20] . The measurements were performed with the step of 0.1 degree and scanning time of 4 s per step.
Mössbauer spectroscopy used in this work has been described in detail in [21] [22] [23] , for example. Mössbauer spectra were taken on an Ms-1104 Em (Russia) spectrometer with 57 Co source in the matrix of chromium at room temperature and further heating up to 1400 • C in argon atmosphere in conditions of synchronous thermal analysis. Spectra processing was performed with the use of the 'Univem MS' program (SFedU, Russia). The isomer shift is calculated relative to ␣-Fe. Samples of 100 mg powder crushed up to 0.05 mm were used. 
3.
Computational method
TERRA software was used for thermodynamic analysis of the EAF dust phase composition [16, 17] . The TERRA-integrated database contains information on thermodynamic properties for more than 3500 chemical agents for the temperature range of 300-6000 K [24] . For heterogeneous systems, the use of both models, the single-component immiscible phases and condensed solutions, is possible. The maximum number of the chemical elements examined in each calculation was equal to 50; the number of condensed phases -200, and the gas phase components -800. The results could be presented in the form of graphs and tables, containing information on the chemical composition or thermodynamic characteristics in relation to temperature, for example. These data are suitable for further analysis and interpretation [17] .
4.
Results and discussion
Experimental study of the EAF dust phase composition
As it has been shown in previous works [18, 25] , EAF dust samples contained zinc (2-30%), lead (0.2-3%), sulphur (0.1-2%), carbon (1-9%), and silica (5-14%). Inclusions of manganese, calcium, magnesium fluctuated within 1-5%; while traces of nickel, chromium, copper, titanium, aluminum did not exceed 1% [25, 26] . Fig. 1 represents complexity of the object under investigation. Fig. 1 represents elemental composition of the EAF dust sample investigated. This reveals complexity of the object under investigation.
The EAF dust, analyzed in this study, was high-carbon and high-silica. As it has been detected by IR absorption and gravimetric analysis, the EAF dust contained carbon (7.9%) and SiO 2 (13.5%) [18] . It was just the dust of composition with high-carbon and high-silica, where complex chemical compounds have required identification by other analytical tools.
X-ray analysis was used to determine the phase composition of the dust (see Fig. 2 , for example). Zink, iron, The results are summarized in Fig. 3 and Table 1 . Other sulphur-and carbon-containing compounds have not been detected.
The main outcome of the experimental research was detecting not only oxides in the EAF dust, but complex chemical compounds, such as pyrrhotite, siderite and ferrites, that does not contradict the findings of other authors [26] [27] [28] . The possible presence of other compounds (carbides, sulfides, sulfates, silicides, etc.) in the dust is interesting.
In these circumstances, analytical solutions capable to simulate thermodynamic equilibrium in complex chemical systems on the basis of their pre-defined elemental composition, demonstrate particular practical importance.
4.2.
Comparative analysis of EAF dust phase composition by thermochemical package TERRA Experimental study of high temperature processes in metallurgical systems is usually expensive and often not feasible. In these circumstances, modeling as an analytical approach gains particular importance. A few thermochemical packages exist for predicting phase equilibrium, such as Chemix (The CSIRO-SGTE Thermodata System), MTDATA, FactSage, and HSC [29, 30] . Among them, the HSC Chemistry software based on Gibbs energy minimization has been used for modeling equilibrium compositions of various phases, resulting from the smelting of the dust [31, 32] or thermodynamic study of the pyrometallurgical processing of the dust [33] . For such a multiple-factor metallurgical process as dust formation, thermochemical software can be used for predicting phase composition of the EAF dust based on its elemental composition. In addition, thermodynamic modeling could potentially help in detecting the EAF dust chemical phase transformations throughout the entire way from furnace to collecting filter.
In this research, we used TERRA software for thermodynamic analysis of the EAF dust phase composition, with details on the principal calculation algorithm published in [16] , for example. A distinguishing feature of the TERRA software regarding other packages is that it is based on the principle of maximizing entropy for an isolated thermodynamic system in equilibrium, instead of using the Gibbs energy, equilibrium constants and Guldberg and Waage law of acting mass [35] . In practice, the condition of "isolation" means that the equilibrium establishing processes proceed much more rapidly than the changes on the boundaries occur, i.e. there is no exchange of substance and energy between the system and external environment.
In this package, the conditions of equilibrium between the thermodynamic system and the environment could be assigned by any pair of the six thermodynamic parameters: P (pressure), V (specific volume), T (temperature), S (entropy), H (enthalpy), and U (internal energy).
It is also possible to assign the mass content of a certain chemical element, or its compound as the initial data, to determine chemical composition of the system [17] .
Possible complex compounds in the EAF dust, containing sulphur and carbon, have been evaluated for the temperature interval 300-3000 K and pressure of 0.1 MPa. The phase composition and the equilibrium characteristics have been calculated by using the database [24] inherently integrated to the TERRA software package.
For these calculations, the average values of chemical composition and oxygen amount of 24.85% (on the basis of stoichiometry [18] was used. As it has been assumed [34, 35] , dust particles are predominantly formed in the high-temperature zone of the arc furnace (partially under the arc at the temperatures of 3000 K, and partially from metal splashes on the melt surface at the temperatures of 1873 K).
However, at further stages the dust particles are trapped and transferred to the dust collector through the zones where temperature gradually decreases down to values about 300 K. Presence of exhaust gases could also affect chemical and phase transformations of the dust particles during their cooling on the way to bag filters.
The key point here is that the collected dust specimens could contain particles originated from the different temperature zones. In addition to oxide forms which are typically observed in the low-temperature areas, metals could be detected as carbides or sulphides, or in the pure state, usually forming at higher temperatures. Fig. 4 presents temperature dependence of the products composition in a temperature interval of 300-2300 K. One can see that iron is completely oxidized and presented in the form of magnetite at temperatures of 300-600 K (Fig. 5) . However, it can form chemical compounds with carbon (carbide) at significantly higher temperature. Up to 21% of zinc could be also found in EAF dust in the form of sulphide. In contrast, lead, manganese, and magnesium could be available entirely as sulphides albeit at the higher temperature intervals.
All compounds calculated by means of the TERRA software are summarized in Table 2 , including data on carbides, carbonates, sulphides, silicates, silicides, and phosphates. The content of some compounds was far below 1% (CaTiO 3 < 0.2%, Mg 2 TiO 4 < 0.2%, CaO < 0.2%, FeS < 0.06%), so they are not presented in Table 2 .
In order to estimate reliability of the TERRA code, the calculated results were compared with experimental data. The comparison is presented in Table 2 , which demonstrates a reasonable agreement of analytical and experimental approaches in the EAF dust analyzing.
Conclusions
Electric arc furnace dust (with a high content of carbon, silicon and sulfur) is discussed through the prism of its multicomponent composition, which depends on the specifics of steel production. The XRD and Mössbauer Spectroscopy analysis of the dust did not make possible obtaining data for some phase, in particular many chemical compounds which can include silicon, carbon and sulfur have not been found. At the same time, phase analysis of the EAF dust using TERRA thermochemical package revealed possible presence of sulfides, carbides, silicates, aluminates and carbonates of metals, included the dust of the charge materials.
Hence it has been shown that computer simulation makes it possible to obtain additional information on the dust phase composition, which is essential to the EAF dust formation process understanding and control as well as to the development of the obtained dust recycling [2] technique (with regard to the content of all components presented in its composition).
The issue of dust recycling is wide and varied and it is not possible to highlight all aspects in one article. In our early publications, we studied such issues as: sources of dust formation in arc steelmaking furnaces, properties of this dust (chemical, dispersed, mineralogical compositions, etc.), ways of dust use, methods of utilization, the results of theoretical and experimental studies of selective extraction of zinc, lead and iron using plasma technology, etc.
The task of the study presented in this material was to show that expensive and time-consuming instrumental methods are not always effective. This does not mean underestimation of these methods. Thus, each of the methods has its niche application. Thermodynamic modeling also has its own niche, and in this particular case, it makes it possible to evaluate the possible formation of complex chemical compounds during formation of EAF dust. Based on these results, first, one can choose more suitable methods for dust analysis, and secondly, choose the best methods for dust disposal.
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